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WELDED ALUMINUM ALLOY STRUCTURE 

Cross Reference to Related Application 
[0001] This application claims the benefit of U.S. Provisional Application No. 
60/412,201, filed September 21, 2002, incorporated herein by reference. 

Background of the Invention 
[0002] This invention relates to welded aluminum alloy members and more 
particularly it relates to a method for improving weld strength in the weld zone and the 
heat affected zone of the weld. 

[0003] Welding aluminum alloys normally involves generation or application of 
heat to melt or plasticize the aluminum alloy members being welded. Welding has a 
detrimental effect on the properties of alloy members being joined by decreasing 
strength in the weld and in the zone adjacent the weld referred to herein as the heat 
affected zone. This is particularly true for the precipitation hardened or strengthened 
alloys referred to by the Aluminum Association alloys such as the AA2xxx, AA6xxx 
and AA7xxx alloy series. In these alloys, heat generated during welding is high enough 
to dissolve precipitation strengthening phases such as MgZn2 (rj-phase), MgsAla, 
MgaZnsAb (T-phase), Mg4 ZnzAl, AhCu, Mg( Al, Cu, Zn)2, CuMgAh (S-phase), LiAl, 
LiMgAh and AbLi, depending on the alloy. After the welding process, the phases start 
to naturally re-precipitate at a very slow rate and the re-precipitation can last for ten or 
fifteen years, resulting in an unstable weld. Such welds also exhibit poor corrosion 
resistance. 

[0004] Welding is also detrimental in the adjacent heat affected zone because of 
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the heat generated during the welding procedure. That is, the temperatures in the heat 
affected zone are lower than in the weld but are sufficiently high to cause precipitation 
and coarsening of these phases. This results in overaging in the heat affected zone and 
a reduction in strength. Thus, the forming of the weld results in a decrease in strength 
and corrosion properties in the structure. 

[0005] Past attempts at solving the problem of decreased strength included 
increasing the thickness of the metal in the weld zone. However, this has the problem 
of adding more weight which is undesirable for aircraft use. Further, increased 
thickness did not solve the problem of instability of the weld and did not prevent 
overaging in the heat affected zone. 

[0006] These problems arise with different welding techniques such as friction 
welding, friction stir welding or laser welding. In friction welding, relative movement 
of the parts to be welded is employed to generate heat for joirung. In friction stir 
welding, a rotating non-consumable tool is used to generate heat in the members to be 
joined. Laser welding employs a laser beam to melt a small area of each of the parts to 
be joined. In these welding techniques, the stirred or melted portion flows together 
and solidifies to provide a welded structure. 

[0007] It can be seen that there is a great need for a method of welding which 
eliminates or minimizes these problems to produce a weld and heat affected zone 
having improved properties. 

[0008] Different approaches have been used in an attempt to solve these 
problems. For example, U.S. Patent 6,168,067 discloses a method for reducing material 

2 



02-36 



property degradation during friction stir welding. More specifically, the method 
includes the steps of solution heat treating first and second structural members at a first 
predetermined temperature schedule. The first and second structural members are then 
quenched to a predetermined temperature at which the structural members are in a 
non-equilibrium state and have an incomplete temper. The first structural member is 
then positioned adjacent to the second structural member, thereby defining an interface 
therebetween. Thereafter, the first and second structural members are joined to form a 
structural assembly by friction stir welding the material along the interface prior to 
precipitation heat treating the structural assembly. The structural assembly is then 
aged, such as by precipitation heat treating, at a second predetermined temperature 
schedule to stabilize the material properties of the resulting structural assembly, 
thereby completing the temper of the material. The method requires fewer 
manufacturing steps than conventional techniques for friction stir weld precipitation- 
hardened parent materials. In addition, the method minimizes the degradation of the 
material properties during friction stir welding, and produces a structural assembly 
with improved strength, hardness, and corrosion resistance, as well as dimensional 
quality. 

[0009] U.S. Patent 5,248,077 discloses that friction welding is preformed by linear 
or non-rotating orbital motion in which both parts to be joined by friction welding are 
moved in identical paths, out of phase to produce friction until welding temperature is 
attained, and then in phase, with the parts registered in alignment, during the bonding 
phase. Because the registered, in phase control of the mechanism is attainable with 
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great certainty and rapidity, friction welding with a far higher precision and accuracy of 
alignment is attained. The high precision and accuracy of the technique permits 
application of friction welding to fabrication of parts, such as turbine engines, not 
usually made by such techniques. A preferred apparatus for practice of the invention 
involves an opposed pair of orbital tables on which parts to be joined are mounted and 
fixed in place by mounts. The parts are aligned and registered and drives then cause 
the parts to orbit while they are pressed together by pressure means, until friction heats 
the joint surfaces to welding temperatures. 

[0010] U.S. Patent 5,507,888 discloses methods for making an aluminum alloy 
bicycle frame and for making tubes for such frames including use of an aluminum alloy 
containing about 0.5 to 1.3% magnesium, about 0.4 to 1.2% silicon, and about 0.6 to 1.2% 
copper and preferred practices for making extruded and drawn tubing of the alloy and 
making bicycle frames from the tubing. The preferred practices include extrusion 
temperature control and other aspects of extrusion and drawing. The tubes are welded 
by MIG or TIG welding procedures. 

[0011] U.S. Patent 5,897,047 discloses a method of connecting an aluminum part 
with a steel part using a friction welding technique. The aluminum part is heat treated , 
such as T6 treatment to raise its hardness. After that, the aluminum part is friction 
welded to the steel part. The steel part may also be heat treated to lower its hardness 
instead of or in addition to hardening of the aluminum part. A third part which has an 
intermediate hardness may be placed between the aluminum part and the steel part, 
and the aluminum part may be coupled with the steel part via the third part. 
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[0012] U.S. Patent 6,333,484 discloses a process for welding a nickel or cobalt 
based superalloy article to minimize cracking by preheating the entire weld area to a 
maximum ductility temperature range, maintaining such temperature during welding 
and solidification of the weld, raising the temperature for stress relief of the superalloy, 
then cooling at a rate effective to minimize gamma prime precipitation. 

[0013] PCT Application WO 98/45080 discloses a friction stir welding method 
according to which the workpieces to be welded are positioned on a work-table and by 
means of clamping means clamped to one another and/ or to the work-table during the 
welding. A rotating welding means is arranged to move along a joint between the 
workpieces while being pressed against said workpieces during the welding. 
Additional heat is supplied to the joint prior to and/ or during the welding operation, in 
excess of the frictional heat generated in the joint from the rotation of the welding 
means and of any other heat that may be supplied to the joint in any other manner by 
the welding means. The invention likewise concerns an apparatus for friction stir 
welding, comprising a heating element for supply of additional heat to the joint prior to 
and/ or during the welding operation, in excess of the frictional heat generated in the 
joint from the rotation of the welding means and of any other heat that may be supplied 
to the joint in any other manner by the welding means. 

[0014] The present invention provides an improved welded assembly and 
provides a novel process for welding of precipitation strengthened aluminum alloys 
having improved weld strength as well as improved strength in the heat affected zone 
adjacent the weld. Also, the novel process results in improved corrosion properties in 
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the weld and heat affected zone. 

Summary of the Invention 
[0015] It is an object of the invention to provide an improved welded aluminum 
alloy assembly. 

[0016] It is another object of this invention to provide improved welded 
precipitation strengthened aluminum alloy members. 

[0017] Yet, it is another object of this invention to provide a method for welding 
precipitation strengthened aluminum alloy to provide for improved strength in the 
weld and in the heat affected zone surrounding the weld. 

[0018] Still, it is another object of the invention to provide an improved method 
for welding AA2xxx, AA6xxx and AA7xxx type alloys to provide for improved 
strength in the weld and in the heat affected zone surrounding the weld. 

[0019] And yet, it is another object of the invention to provide an improved 
method for welding precipitation strengthened aluminum alloy members using friction 
welding, friction stir welding or laser beam welding. 

[0020] These and other objects will become apparent from the specification, 
drawings and claims appended hereto. 

[0021] In accordance with these objects, there is provided a method of welding 
age-hardenable or precipitation strengthenable aluminum alloys to improve properties 
in the heat affected zone and the weld zone, the method comprising the steps of 
providing precipitation strengthenable aluminum alloy members to be welded and, 
prior to welding, subjecting the members to a first aging step for times and 
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temperatures sufficient to generate GP zones and coherent t]' precipitates. Thereafter, 
the aged members are welded to provide a welded assembly having a weld zone and a 
heat affected zone. Then, the welded assembly is subjected to a second aging step to 
reprecipitate GP zones and t]' precipitates dissolved in the weld zone. The second aging 
step is carried out for a time and temperature sufficient to provide the welded member 
in a T6 condition, for example. 

[0022] The first aging treatment can range for 0.25 to 24 hours in a temperature 
range of about 200° to 300°F to generate a significant number of GP zones (Gunier 
Preston zones) and coherent r|' (MgZn2) precipitates, for example, in the AA7xxx type 
alloys. It has been discovered that the higher the density of GP zones and r\' coherent 
precipitates, the less likely the material in the heat affected zone will be subject to 
overaging. That is, aging prior to welding in accordance with the invention minimizes 
the effect of heat on the heat affected zone. Thus, it will be seen that the first aging step 
creates GP zones and coherent r|' precipitates to prevent or minimize the overaging 
process in the heat affected zone which can occur as a result of welding. 

[0023] After the second or first post-weld aging step, the welded member can be 
subject to further aging steps to the final temper such as T73, T74, T76 or T77 tempers. 
For example, the welded structure can be subject to a second post-weld aging step to 
provide the T73, T74, or T76 condition or a third post-weld aging step can be employed 
to provide the T77 condition. The T73, T74, T76, or T77 tempers applies to wrought 
products that are artificially aged after solution heat treatment to carry them beyond a 
point of maximum strength to provide control of some other significant characteristic. 
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For this purpose, other characteristic is something other than mechanical properties, for 
example exfoliation corrosion or stress corrosion cracking. These tempers are 
composed of typically two or more aging steps, for example two or three steps. In the 
case of a two-step aging process that is characteristic of T73, T74, and T76 tempers the 
first aging step is carried out at a temperature below the temperature of the second 
aging step. For example the first aging step may be carried out at temperatures between 
200*'F and 300°F for times ranging from a few minutes to 24 hours or more. The second 
aging step may be carried out at temperatures between SOO^'F and 360''F or even 400°F 
for times ranging from a few seconds or minutes to 6 or more hours. In case of T77 type 
tempers the abovementioned aging steps may be followed by a low temperature step 
that may be carried out at temperatures between 200°F and SOO'^F for times ranging 
from a few minutes to 24 hours or more. 

Brief Description of the Drawings 

[0024] Fig. 1 is a flow chart illustrating steps of the invention. 

[00251 Fig- 2 is a cross-sectional view showing the two members to be joined. 

[0026] Fig. 3 is a cross-sectional view showing a weld or weld zone and a heat 
affected zone of the welded structure. 

Detailed Description of Preferred Embodiments 

[0027] Referring to Fig. 1, there is shown a sequence of steps that may be used in 
the invention. The alloys for which the invention is designed are precipitation 
hardenable or strengthening alloys which develop strength through heat treatments at 
temperatures above room temperatures for controlled periods of time depending on the 
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alloy and the properties desired. Precipitation hardenable aluminum alloys to which 
the invention has application includes the AA2xxx, AA6xxx and AA7xxx type alloys as 
well as some lithium-containing alloys. Examples of the 2xxx alloys are 2024, 2014, 
2026, 2224, 2097, 2297, 2397, 2293, 2219, 2094, 2098 and 2095 and examples of the 6xxx 
alloys are 6061, 6013, 6056 and 6082. Examples of the 7xxx series alloys are 7075, 7050, 
7150, 7250, 7055, 7068, 7249, 7349 and 7449. The composition ranges for these alloys are 
set forth by The Aluminum Association in a publication entitled "Designation and 
Chemical Composition Limits for Aluminum Alloys in the Form of Castings and 
Ingots", dated January 1996, incorporated herein by reference as if specifically set forth. 

[0028] The alloy members to be aged and welded in accordance with the 
invention are usually in the solution heat treated and quenched condition. 

[0029] The alloy members can be solution heat treated by heating to a 
temperature range of about 840° to 900°F, which in the case of AA7xxx alloys, takes 
substantially all of the soluble zinc, magnesium and copper into solution. After 
subjecting the members to one or more temperatures in this range, the members should 
be quenched or cooled rapidly. This may be accomplished by spraying or immersing in 
cold water or using cold air. The alloy members may be cold worked, e.g., stretched to 
relieve internal stresses or otherwise shaped into the desired configuration for welding. 
Thus, the product, with or without, cold work but in the solution heat treated condition, 
is in condition for treating or aging in accordance with the invention. 

[0030] The alloy members to which the invention can be applied can be derived 
from sheet, plate, or extrusion, for example, and the plate can be derived from ingot and 
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the extrusion derived from billet. The alloy members to which the invention can be 
applied can also be derived from castings. Fig. 2 shows two aluminum alloy members 2 
and 4 arranged in a side-by-side or butt-joint configuration to provide a seam or 
interface 12 therebetween for welding. In another configuration, the aluminum alloy 
members may be arranged or placed on top of one another to provide for a lap joint, 
where friction stir welding can be used. 

[00311 Referring to Fig. 3, it will be seen that after welding members 2 and 4, 
there results three zones in the welded structure. Zone 6 is the weld zone where the 
metal in tiie two members are flowed together to join the two members together. On 
both sides of weld zone 6, there is a heat affected zone 8 in which the heat from welding 
affects the properties in zone 8. Outside of the heat affected zone is parent metal 10 
which is generally unaffected by the heat from the welding process. These zones exist 
whether laser, friction, or friction stir welding is employed. 

[0032] In laser welding, a laser beam is used to melt a small area of each part to 
be joined. The melted parts flow together before solidifying to join tiie parts together to 
form structural assemblies. 

[0033] Friction stir welding refers to a method of joirung aluminum members 
together. In friction stir welding, a probe is inserted against or between a pair of 
opposing faces of members to be joined. Then, the probe is rotated. The rotation of the 
probe creates friction sufficient to generate heat to plasticize material at the opposing 
faces without melting the material. This results in a weld joint forming as the 
plasticized portions flow together and solidify to form the weld zone. Friction stir 

10 



02-36 



welding is described in U.S. Patent 5,460,317, incorporated herein by reference. 

[0034] Friction welding refers to a method of joining aluminum members 
together by moving one of the members relative to the other while urging the pieces 
together. This generates heat and plasticized portions without melting. The plasticized 
portions flow together and join to form the weld zone. 

[0035] TIG refers to welding utilizing a tungsten inert gas process. In TIG 
welding, an electric arc is conducted between a tungsten or non-consumed electrode 
and the work pieces. At the same time, filler metal is fed into the weld site. 

[0036] MIG refers to metal inert gas wherein a consumable aluminum electrode 
is fed into the work site. Known welding alloys include AA4043 and AA4643. 

[0037] The pre-weld aging step of the invention is designed to prepare the 
microstructure of aluminum members to be welded for the welding process and to 
minimize the effect of heat generated during welding on the heat affected zone by 
reducing the rate at which the heat affected zone material can overage. 

[0038] Prior to welding, the alloy members are subjected to a first treatment, 
phase or step to condition the metal for welding. As noted, the alloy members to be 
welded are subject to an artificial aging treatment for a time and temperature to 
produce or generate strengthening precipitates such as GP zones and coherent r|' 
precipitate (MgZn2). GP zones are clusters of atoms, for example, copper, magnesium 
and zinc in the 7xxx series. The greater the density of GP zones and r|' coherent 
precipitates, the less likely the alloy in the heat affected zone v^U be overaged during 
the welding process. 

11 



02-36 



[0039] The first aging or pre-weld treatment for AlZnMgCu alloys includes 
subjecting the members to be welded to a temperature range of 100° to 300°F, preferably 
200° to 300°F for a time period in the range of 0.25 to 24 hours. The object of this 
treatment is to obtain a large density of precipitates having very small size. As noted, 
such precipitates include the GP zones and the r|' phases. A preferred size of GP zone is 
in the range of 2 to 3.5 nm and a preferred density of 4 x 10^^ - 5 x 10^^ zones per cm^ 
Thus, the first aging step is designed to create a large population of GP zones and 
coherent ti' precipitates, which in turn minimizes or prevents over aging occurring in the 
heat affected zone. For example, if incubation time for incoherent r|* precipitates to 
form is greater than the time the heat affected zone is exposed to temperatures above 
315°F then overaging in the heat affected zone is prevented or significantly reduced. 
Incoherent r|* precipitates are larger in size than coherent r|' precipitates and have lost 
the coherency with the matrix. 

[0040] The AA6xxx series aluminum alloys can be subject to pre-weld aging 
treatment which includes subjecting the members to be welded to a temperature in the 
range of 300 to 420 °F for a time period in the range of 3 to 24 hours which results in the 
formation of Mg2Si precipitates. Similarly, the AA2xxx series aluminum alloys can be 
subject to a pre-weld aging treatment which includes a temperature in the range of 320 
to 380 °F for a time period of 6 to 24 hours which results in the formation of Cu Ah 
precipitates. 

[0041] After the aging step, aluminum alloy members 2 and 4 to be welded (Fig. 
2) are placed tightly against each other to provide an interface 12 for welding. If friction 
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stir welding is employed, the members may be firmly secured to prevent movement 
during the welding process. If friction welding is employed, then each member must be 
separately secured to provide relative movement suited to friction welding. Similarly, 
if laser beam welding is employed, the members are secured to provide the appropriate 
interface for welding. Thereafter, members 2 and 4 are joined by welding along 
interface 12 to provide a welded structure as shown in Fig. 3. As noted earlier, welding 
along interface 12 results in a weld zone 6 and two heat affected zones 8. During the 
welding process, precipitates generated during the pre-weld aging treatment are 
dissolved in the weld zone. 

[0042] Thus, it is necessary to improve the properties and stabilize the weld zone 
by once again developing the precipitates in the weld zone. That is, in the case of 
AA7xxx or AlZnMgCu alloys, it is necessary to re-precipitate the GP zones and r|' 
precipitates that were dissolved in the weld zone. This both stabilizes the weld zone 
against further natural aging and prepares the microstructure for further strengthening 
steps. 

[00431 In accordance with the invention, the welded structure is subject to a post- 
weld aging treatment to re-precipitate GP zones and coherent t]' precipitates to improve 
the strength of the weld zone by precipitation strengthening. In the case of AA7xxx or 
AlZrJ^gCu alloys, this is achieved by artificially aging the welded structure above 
room temperature for a period of time to develop the precipitates in the weld zone. 
This may be achieved by subjecting the welded structure to a temperature range of 100° 
to 300''F for a period of 0.25 to 24 hours. A preferred temperature range is 230'' to 270°F. 
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This post-weld aging treatment will provide the welded structure in a T6 temper or 
condition or slightly underaged. A T6 temper is generally obtained by subjecting a 
structure to a temperature range of 100° to 300°F, preferably from 230° to 270°F for a 
period of 18 to 24 hours. It is believed that the first post-weld aging treatment does not 
significantly affect the condition of the heat affected zone or the parent metal. Further, 
it is believed that incoherent t] precipitates do not form below about 315°F. Thus, over- 
aging in the heat affected zone is very limited or it does not occur at all. Accordingly, 
the properties of the heat affected zone are very little affected or do not deteriorate at 
all. 

[0044] In the T6 or slightly underaged condition, the welded assembly has high 
or peak strength. However, such tempers can be subject to corrosion such as stress 
corrosion cracking. Thus, to improve corrosion, the welded assembly can be subjected 
to a second post-welding aging treatment. The second post-weld aging step is a 
controlled over-aging treatment wherein GP zones and rj' precipitates are transformed 
into incoherent r\ precipitates or phases. Other precipitated phases that may form 
include MgsAb, MgaZnaAh (T-phase), Mg4Zn7Al, AhCu, Mg(Al,Cu,Zn)2, CuMgAh (S- 
phase), LiAl, LiMgAh, AlsLi. The second post welding treatment includes subjecting 
the welded assembly to a temperature range of 300° to 500°F, preferably 300° to 380°F 
for time periods in the range of a few seconds, e.g., 35 seconds to 24 hours, depending 
on the temperature and the temper desired. It will be appreciated that different 
tempers can be obtained within these times and temperatures. Thus, T73, T74 or T76 
condition can be obtained by applying the second aging step. The T7 condition 
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improves corrosion resistance, e.g., stress corrosion cracking, but can result in decreased 
strength, 

[0045] The T73 temper includes an aging treatment in a temperature range of 
about 200°F to 300*^F for 0.25 to 24 hours followed by a second aging treatment in a 
temperature range of about 325°F to 360°F for times ranging from a few seconds to 6 or 
more hours. The T74 temper includes an aging treatment in a temperature range of 
about 200°F to 300°F for 0.25 to 24 hours followed by a second aging step carried out in 
a temperature range of about 300T to 340°F for a few seconds to 6 or more hours. The 
T76 temper includes an aging treatment in a temperature range of about 200°F to 300°F 
for 0.25 to 24 hours followed by a second aging step carried out in a temperature range 
of about 300°F to 340°F for a few seconds or minutes to 6 hours or more. 

[0046] When it is desired to improve both strength and corrosion resistance, the 
welded assembly is subjected to a third aging step. Thus, the welded assembly is 
subjected to a three-step post-welding thermal treatment. That is, after welding, the 
welded structure is subjected to aging steps or phases which includes a low-high-low 
temperature aging sequence, referred to as a T77 condition. The first and second post- 
weld aging treatments can be as described above. The third post-weld aging step 
includes exposure of the welded assembly to a temperature above room temperature 
for a period sufficient to improve strength. Thus, the third thermal treatment can 
include subjecting the welded structure to a temperature range of 175° to 325°F for 
about 2 to 30 hours. A preferred thermal treatment includes subjecting the welded 
assembly to a temperature range of 200° to 300°F for one or more hours, preferably 
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about 2 to 24 hours. 

[0047] This process of thermal treating and welding has the advantage that 
substantially the same temper or properties are obtained in the parent metal as in the 
heat affected zone. Further, substantially improved strength properties are obtained in 
the weld zone. Thus, the strength properties and corrosion properties of the weld zone 
and heat affected zone are substantially improved. 

[0048] Welded assemblies treated in accordance with the invention are 
particularly suitable for aerospace applications and finds many uses in large aircrafts 
such as commercial and military aircrafts. The welded assemblies can be used in wing 
components, tail assemblies, fuselage sections or in subassemblies or other components 
comprising the aircraft. That is, the aircraft assemblies can comprise a wing assembly 
or wing subassembly, a center wing box assembly or subassembly, floor assembly or 
subassembly including seat tracks, floor beams, stanchions, cargo deck assemblies and 
subassemblies, floor panels, cargo floor panels, fuselage assemblies or subassemblies, 
fuselage frames, fuselage stringers and the like. Further, the welded assemblies can be 
utilized to join plate, extrusions, forgings, and casting for example. 

[0049] Welded assemblies can be comprised of same alloys, e.g., 7249 welded to 
7249 or different alloys 7075 welded to 7055, or even alloys from different series, for 
example, 2xxx welded to 6xxx, or 2xxx welded to 7xxx, or 6xxx welded to 7xxx. 

[0050] The ranges provided herein are intended to include all the numbers 
within the range as if specifically set forth. 

[0051] The following example is still further illustrative of the invention. 
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Example 

[0052] Two aluminum alloy members comprised of A A7249 in solution heat 
treated and quenched condition were artificially aged to the T76 condition or temper by 
heating to temperatures of 250 ""F for 12 to 24 hours followed by 310"^ to 330°F for 5 to 8 
hours. The members were found to have an ultimate tensile strength of 86 ksi, a yield 
strength of 78 ksi and an elongation of 12%. The members were then friction stir 
welded. The welded structure was found to have an ultimate tensile strength of 66.8 
ksi, a yield strength of 55.7 ksi and an elongation of 2.2%. Another two aluminum alloy 
members comprised of AA7249 alloy in solution heat treated and aged condition were 
treated in accordance with the invention. The two members were initially aged at 250**F 
for 12 hours and then friction stir welded. The welded members were then aged at a 
temperature of 250 °F for 12 hours immediately followed by 310° to 330°F for 5 to 8 
hours and tested for properties. It was found that the ultimate tensile strength was 73.6 
ksi, yield strength of 63.8 ksi and an elongation of 3.2%. Thus, it will be seen that the 
post-weld aging significantly increased the strength properties. 

[0053] Having described the presently preferred embodiments, it is to be 
understood that the invention may be otherwise embodied within the scope of the 
appended claims. 

[0054] What is claimed is: 
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